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The average photon energy (APE) is commonly used as a means to classify solar irradiance based on the relative distribution of energy
over the spectrum. Prior studies have shown a single APE can identify a unique spectral irradiance distribution with low standard devi-
ation, but have not demonstrated this distribution will be the same across diﬀerent geographic locations. This paper investigates this
possibility by comparing the spectral distributions of global horizontal irradiance from two diﬀerent locations, indexed by APE value.
The APE is shown to be a strong predictor of spectral irradiance distribution for the two datasets after they are ﬁltered to remove low
irradiance data. Comparing the irradiance data from the two locations showed that the same APE value deﬁnes very similar distributions
for global horizontal spectral irradiance recorded at the sites considered. This raises the possibility of using the APE value as a quality
control for spectral irradiance measurements.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1.1. Motivation
Members of the photovoltaic (PV) community are in the
process of developing procedures that will rate the perfor-
mance of PV modules by their lifetime energetic output
rather than the instantaneous power output under a set
of standardised conditions. Such ‘energy rating’ is being
standardised in the IEC 61853 series of standards. This
has resulted in the need to develop a deeper understanding
of the role that the spectral response of these devices plays
in their ﬁnal energy yields. The acquisition of
spectrally-resolved irradiance data from a number of siteshttp://dx.doi.org/10.1016/j.solener.2015.06.023
0038-092X/ 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativec
⇑ Corresponding author. Tel./fax: +39 0332 785 462.
E-mail address: matthew.norton@jrc.ec.europa.eu (M. Norton).across the world is an essential part of this eﬀort.
Eventually this data will be incorporated into the deﬁnition
of standard climatic data sets to be used in the calculation
of energy yields in parts 3 and 4 of IEC 61853.
As it is not possible to acquire spectrally resolved irradi-
ance measurements for every location on earth, studies are
being conducted to model average spectral resources over
broad geographical areas (Amillo et al., 2015). To reveal
meaningful trends in the data, it is convenient to be able
to classify each spectrum using a single metric that can
indicate the balance of long and short wavelengths relative
to a reference distribution such as the standard AM1.5
spectrum. Although the same average value can be arrived
at through a number of diﬀerent spectral distributions, nat-
ural limits to the stochastic variability of the solar spectrum
suggest a single value will describe a narrow range of distri-
butions. Furthermore, whilst the motivation for suchommons.org/licenses/by-nc-nd/4.0/).
338 M. Norton et al. / Solar Energy 120 (2015) 337–344analyses is to predict the output of PV devices with speciﬁc
spectral responses, it is also useful to select a metric that is
independent of the spectral response of any particular
technology.
1.2. Average photon energy
The ‘Average Photon Energy’ (APE) value, ﬁrst pro-
posed by Jardine et al. (2002) and Williams et al. (2003),
is a popular metric amongst the PV community for describ-
ing the spectral quality of solar irradiance. This is analo-
gous to an average wavelength value (Belluardo et al.,
2013) but instead, it represents the average energy of all
the photons impinging upon a target surface. The APE is
calculated by dividing the total energy in a spectrum by
the total number of photons it contains, as shown in Eq.
(1). Here q [eV] is the electron charge, Ek [W m
2 nm1]
is the spectral irradiance at wavelength k, and Uk is the
photon ﬂux density at wavelength k.
APE ½eV ¼ 1
q
R
Ek dkR
Uk dk
 
ð1Þ
The photon ﬂux density is in turn calculated using the
Plank–Einstein relation hc=k [J] using the formula in Eq.
(2). The APE value is therefore independent of the absolute
intensity of light at each wavelength and indicates only the
averaged distribution of light across the spectrum.
Uk ½photons m2 s1 nm1 ¼ Ekhc=k ð2Þ
The APE value is used as a convenient means for
extracting or modelling PV performance trends against
large datasets of spectral irradiance. It has been used in a
number of studies to examine the output of diﬀerent PV
technologies as a function of spectral resource (Cornaro
and Andreotti, 2013; Dobbin et al., 2011; Moreno-Sa´ez
et al., 2013; Betts et al., 2005; Norton et al., 2011;
Garcia-Domingo et al., 2011; Krishnan et al., 2009;
Minemoto et al., 2007). Unlike the ‘Useful Fraction’
(UF) index (Betts et al., 2004), the mismatch factor
(MM), or the ‘Z Parameter’ (Peharz et al., 2009), the
APE is a technology-independent parameter that describes
only the spectral composition of solar irradiation.
Although more recent studies have highlighted shortcom-
ings of using the APE as a PV performance indicator
(Dirnberger et al., 2015), it still oﬀers beneﬁts when used
as a qualitative indicator of spectral irradiance resource.
The question of whether the APE can be relied upon to
represent a unique distribution of energies across the spec-
trum has been addressed by Minemoto et al. (2009, 2011).
In their assessment they used global tilted spectral irradi-
ance measurements taken over the wavelength range of
350–1050 nm. The APE values were calculated using Eqs.
(1) and (2) and used to group the measured spectra in
APE steps of 0.02 eV. For their particular dataset, stan-
dard deviations of up to 0.4% of the total irradiance were
reported, allowing them to conclude that the APE is areasonable index to describe spectral irradiance distribu-
tions used for evaluating PV performance. However, it
was acknowledged that this result applied only to the data-
set considered and would perhaps not hold true across dif-
ferent measurement sites. It is yet to be determined whether
a single APE value will correspond to the same spectral dis-
tribution at diﬀerent measurement locations. The useful-
ness of APE analyses may therefore be limited if they
cannot be compared across diﬀerent sites.
In this work, the authors attempt to demonstrate that
the APE is a suitably robust metric for classifying spectral
distributions by expanding the work of Minemoto et al.
This is done by analysing spectral irradiance datasets from
two diﬀerent locations, and cross-comparing the results to
understand whether APE analyses yield consistent results
across diﬀerent measurement locations.
2. Method and instrumentation
2.1. Approach
Two spectrally-resolved global horizontal irradiance
(GHI) datasets have been obtained, providing data col-
lected using diﬀerent equipment at diﬀerent locations, cli-
matic conditions and times of the year. The choice of
these locations was based primarily on the availability of
the data and the fact that they were accompanied by
detailed uncertainty analyses. The two locations have dif-
ferent climates and average atmospheric depths. The cli-
matic conditions of the two locations are described in the
world map of the Ko¨ppen–Geiger climate classiﬁcation
(Kottek et al., 2006). The climate at the JRC is classiﬁed
as warm-temperate/fully humid/warm summer (Cfb),
whereas the NREL site is borderline between snow/fully
humid/warm summer (Dfb) and arid/steppe/cold arid
(BSk). A summary of the location details, including the
wavelength range of the spectral irradiance measurements
and the reported spectroradiometer calibration uncertain-
ties (Uc), is given in Table 1.
When evaluating the APE as an indicator of spectral
irradiance distribution, the uncertainties involved in each
measurement system have to be considered, not least
because a cross-comparison of results is to be performed.
Spectroradiometer inter-comparison campaigns (Galleano
et al., 2012; Habte et al., 2014) occasionally use a ‘perfor-
mance statistic’ (PS) (Electrotechnical Commission (IEC),
2010) to quantify the extent to which diﬀerent systems
agree on a measurement. This unit-less value is calculated
as shown in Eq. (3) using the measurement uncertainty
(Un) of each n system along with their measurements over
a given wavelength range (Mkn) under a common irradia-
tion source. A PS value of between 1 and +1 indicates
an agreement that takes into account the standard devia-
tion of measurements and initial calibration uncertainties.
Values of PS falling outside these boundaries signiﬁes an
unsatisfactory level of agreement. Here, the ‘performance
statistic’ will be used to provide a quantitative assessment
Table 1
Description of the spectral irradiance datasets and collection sites used in
this analysis.
JRC NREL
Latitude () 45.812 39.742
Longitude () 8.6282 105.168
Altitude (m) 220 1830
Average site pressure (mbar) 990 820
Koeppen–Geiger climate classiﬁcation
(Kottek et al., 2006)
Cfb Dfb–BSk
Start wavelength (nm) 400 300
End wavelength (nm) 2500 1100
Start month 02-2009 01-2012
End month 06-2010 04-2014
Calibration uncertainty (%) (k = 2) 2.8 (ESTI Quality
System, 2014)
4.0 (Myers,
1989)
M. Norton et al. / Solar Energy 120 (2015) 337–344 339of how well the diﬀerent datasets agree on the spectral irra-
diance distribution deﬁned by a given APE value. A rigor-
ous calculation of the outdoor measurement uncertainties
to use in Eq. (3) is outside the scope of this work.
Instead they will be approximated as the calibration uncer-
tainties (Uc) of the measurement equipment averaged over
the range of wavelengths being considered (using a cover-
age factor k = 2).
PSk ¼ Mk1 Mk2ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðU 1 Mk1Þ2 þ ðU 2 Mk2Þ2
q ð3ÞTable 2
Integration wavelength limits and corresponding irradiance thresholds
(Imin) and AM1.5 spectrum APEs for the diﬀerent analyses.
kmin
(nm)
kmax
(nm)
Imin
(W m2)
APEAM1:5
(eV)
Minemoto (Minemoto
et al., 2009)
350 1050 150 1.88
This paper 400 1050 150 1.842.2. Data collection
2.2.1. The Joint Research Centre (JRC)
The ﬁrst dataset was recorded at the European Joint
Research Centre in Ispra (Italy), latitude 45.812, over
the period of time from February 2009 to June 2010.
These data consist of global horizontal spectral irradiance
measurements taken over the range of 400–2500 nm in
steps of 2 nm. The measurements were taken at intervals
of approximately 30 min, and each measurement is the
result of a scan lasting between 6 and 7 min. The instru-
ment used to take the measurements was an OL750 from
Optronic Laboratories, kept in a temperature-controlled
laboratory. Its entrance optics, a waterproof integrating
sphere, was mounted in a ﬁxed horizontal plane and con-
nected to the instrument via a 10 m long optical ﬁbre.
Calibration of this system is regularly performed in-house
using an NPL-calibrated standard lamp.
2.2.2. The National Renewable Energy Laboratory (NREL)
The NREL Solar Radiation Research Laboratory is
located in Golden, Colorado (USA), latitude 39.742.
Spectral irradiance data measured on this site are made
publicly available through the NREL website. Over two
years of global horizontal spectral irradiance data were
downloaded covering the years 2012–2014. The spectral
irradiance dataset was stored at a resolution of 2 nm every
5 min with a LICOR LI-1800 spectroradiometer with
traceability to the NIST Standard of Spectral IrradianceLamp Standards. The instrument used has 6 nm spectral
bandwidth and the detector is not temperature controlled.
The measurements were made using a standard cosine
receptor mounted horizontally. The usable spectral range
of the instrument is 300–1100 nm.
2.3. Data preparation
2.3.1. Data correction
The JRC data were corrected to account for a mismatch
in the global spectral irradiance measurements between the
visible and near infra-red parts of the spectrum. After one
routine calibration procedure, an error in subsequent mea-
surements over the collection period was detected. Spectral
curves showed a discontinuity at approximately 1050 nm,
at the point where the detector type changes from c-Si to
PbS. This caused measurements at longer wavelengths to
be lower than in reality. Later investigations also revealed
a progressive degradation over time.
These errors were corrected by applying a unique coeﬃ-
cient deﬁned for each spectral measurement. The coeﬃcient
was calculated by assuming that the points between 1000
and 1100 nm fall on a straight line to a good approxima-
tion. Regression lines were calculated for the ranges
1000–1048 nm and 1060–1100 nm, and the coeﬃcient to
be applied to measurements with wavelengths greater than
1050 nm was determined as the value that made the two
lines meet. Quality controls performed after this procedure
conﬁrmed that the spectral data before and after the dis-
continuity were consistent.
2.3.2. Data ﬁltration
Both the broadband integral irradiance and the APE
value are aﬀected by the range of wavelengths over which
they are calculated, and the absence of a common range
can prevent the direct comparison of APE values between
datasets. Diﬀerences in wavelength ranges are often
unavoidable due to the sensitivity of the measurement sys-
tems used at each site (as seen in Table 1). Consequently,
for the comparisons presented here it was necessary to limit
these ranges to maximum and minimum values common to
the datasets being compared. As a result, the comparison
of global horizontal spectral irradiance was performed over
the range of 400–1050 nm. A summary of the wavelength
limits used in this paper is given in Table 2. To demonstrate
the eﬀect of these limits, the APE of the standard AM1.5
spectrum for diﬀerent wavelength ranges is also shown in
the same table.
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Fig. 1. The mean Rc value of every 50 nm band binned into APE intervals
of 0.02 eV over the range 1.78–1.92 eV for the JRC global horizontal
irradiance data.
Table 3
JRC GHI measurements: maximum, minimum and mean standard
deviations of Rc for the 50 nm bands grouped by their corresponding APE.
APE (eV) rmax (%) rmin (%) r (%) Samples
1.78 1.25 0.52 0.82 32
1.80 0.84 0.41 0.62 73
1.82 0.50 0.29 0.38 454
1.84 0.48 0.17 0.30 1606
1.86 0.41 0.17 0.26 2188
1.88 0.57 0.24 0.35 409
1.90 0.75 0.40 0.52 89
1.92 1.29 0.57 0.75 39
340 M. Norton et al. / Solar Energy 120 (2015) 337–344At high atmospheric depths or under extremely turbid
or cloudy conditions, the variations of spectral irradiance
distribution can be much larger than under clear sky con-
ditions. Measurements taken under such conditions can
result in a wide dispersion of spectral irradiance data and
complicate the APE analysis, despite contributing little to
the total solar energy resource available for the photo-
voltaic systems. In order to remove these eﬀects, all data-
sets were ﬁltered so as to exclude measurements obtained
under irradiance intensities below 150 W m2, in keeping
with previous approaches.
2.4. APE analysis
To evaluate the APE values for the spectral irradiance
data we have followed the integral range and methodology
used by Minemoto et al. (2009) as closely as possible, in
order to provide the best comparison of results. This
approach is based on the calculation of spectral matching
adopted by the IEC technical commission in international
standard IEC 60904-9. The APE analysis procedure is as
follows:
1. The integrated broadband irradiance is calculated for
each spectrum over the wavelength ranges detailed in
Table 2, and the dataset is ﬁltered to remove instances
where the irradiance level was below the thresholds
given in the same table.
2. The average photon energy is calculated for each
remaining measurement using the formulae in Eqs. (1)
and (2).
3. For the same measurements, the spectral irradiance val-
ues are grouped into bands of 50 nm, and the mean inte-
grated irradiance of each band is calculated.
4. The percentage contribution, Rc, of the integrated irradi-
ance of each 50 nm band to the total broadband irradi-
ance over the wavelength range considered is calculated.
5. All measurements are then grouped by their APE value
in steps of 0.02 eV, each group containing measurements
falling within ±0.01 eV of the central value.
6. The means of the integrated irradiance values in each
50 nm band are then calculated for all the measurements
contained in every APE group.
3. Results
3.1. JRC APE analysis
The APE values for the JRC global irradiance dataset
were calculated over the range 400–1050 nm. The range
of signiﬁcant APE values for this dataset after ﬁltering
out the measurements with integrated irradiance lower
than 150 W m2 is between 1.78 and 1.92 eV, represented
by 4890 measurement instances. The relative percentage
distributions of energy for this range of APE values were
then plotted in steps of 0.02 eV, as shown in Fig. 1. Theresulting distributions seen in this ﬁgure show a regular
change with APE interval, and with an almost constant
energy contribution from the 650–700 nm band.
The data points shown in Fig. 1 represent the mean Rc
value for each 50 nm band, for every APE bin. The stan-
dard deviation for each of these points was also calculated
to determine how well each APE data set conformed to
these mean values. Table 3 reports the minimum standard
deviation, the maximum standard deviation and the mean
standard deviation of the Rc value across all 50 nm bands
for each APE bin. The number of samples that fell inside
each bin are also reported. From these values, it is interest-
ing to note that the 1.84 eV APE band corresponds to the
standard AM1.5 global distribution, and over this range
exhibits one of the lowest standard deviations.3.2. NREL APE analysis
The APE values for the NREL global irradiance dataset
were calculated using the wavelength range between 400
and 1050 nm, and ﬁltered to remove data obtained under
a broadband irradiance threshold of 150 W m2. After ﬁl-
tration, approximately 64,000 measurement instances
remained, for which the signiﬁcant range of APE values
is between 1.78 and 1.94 eV. The relative percentage
Table 4
NREL GHI measurements: maximum, minimum and mean standard
deviations of Rc for the 50 nm bands grouped by their corresponding APE.
APE (eV) rmax (%) rmin (%) r (%) Samples
1.78 1.34 0.59 0.95 138
1.80 1.08 0.49 0.73 340
1.82 0.65 0.28 0.44 1109
1.84 0.42 0.13 0.25 10,450
1.86 0.38 0.12 0.20 42,014
1.88 0.42 0.15 0.27 7553
1.90 0.68 0.27 0.41 1544
1.92 0.89 0.35 0.54 551
1.94 1.35 0.33 0.71 269
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Fig. 3. The mean Rc value of each 50 nm irradiance band for NREL
spectra with an APE value of 1.86 ± 0.01 eV, grouped by quarter for the
two years studied. This shows no discernible inﬂuence of season upon the
irradiance distribution.
M. Norton et al. / Solar Energy 120 (2015) 337–344 341distributions of energy for this range of APE values are
shown in Fig. 2 in steps of 0.02 eV. A regular change of
spectral distribution was observed with every APE interval,
with a nearly constant percentage contribution of the 650–
700 nm band to the broadband irradiance across the range
of APE values studied. As with the JRC data, Table 4
reports the minimum standard deviation, the maximum
standard deviation and the mean standard deviation of
the Rc value across all 50 nm bands for each APE bin.
Again in this case, a particularly low standard deviation
was observed in the range of 1.84–1.86 eV, which may arise
due to the high number of measurements falling into these
APE bins.
As the NREL dataset spanned two full years, a further
analysis was undertaken to look for seasonal inﬂuences on
the distributions described by APE values. This was done
by ﬁltering for spectra with a frequently-occurring APE
value (in this case 1.86 ± 0.01 eV), grouping these spectra
by yearly quarter, and calculating the mean relative energy
contribution for the same wavelength bands as before. The
results of this analysis are plotted in Fig. 3, and show that
the classiﬁcation of spectra by APE value does not exhibit
any discernible seasonal inﬂuence.
4. Analysis and discussion
4.1. Comparing spectral measurements using APE
A comparison of the global horizontal spectral irradi-
ance distributions from the two locations has been per-
formed for various APE values using a procedure similar
to those described in previous analyses by Minemoto
et al. To make the APE values consistent across the two
datasets, the range of wavelengths used in the calculation
was limited from 400 nm to 1050 nm for both datasets.
Over this range the standard AM1.5 global spectrum has
an APE value of 1.84 eV. This APE value is one of the
most frequent in both datasets and shows one of the lowest40
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Fig. 2. The mean Rc value of every 50 nm band binned into APE intervals
of 0.02 eV over the range 1.78–1.94 eV for the NREL global horizontal
irradiance data.standard deviations of the irradiance distribution over the
wavelength range considered. Fig. 4 shows the spectral
irradiance distributions for four APE intervals spanning
the majority of the data collected, and indicates an excel-
lent match between the two measurement sites.
For the two datasets studied in this evaluation, the APE
was consistently found to be a metric that deﬁnes a certain
spectral irradiance distribution with low standard devia-
tion. This ﬁnding supports the previous results obtained
by Minemoto et al.; although some standard deviations
reported in this work are marginally higher, they are of sim-
ilar orders of magnitude. The mean standard deviations for
the most signiﬁcantAPE values in all cases were found to be
below 1%. In particular, the standard deviation of the distri-
butions corresponding to the most frequently-occurring
APE values were below 0.5% for all wavelength bands
studied.4.2. Performance statistic analysis
A quantitative assessment of the equivalence of the two
data sets has been performed applying the ‘performance
statistic’ analysis to the diﬀerence of the integrated
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Fig. 4. Comparison of the JRC and NREL global horizontal spectral
irradiance distributions for four frequently-occurring APE intervals.
Strong agreement between the two datasets can be observed over this
range of APE values. The error bars indicate the standard deviation within
each 50 nm irradiance band.
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Fig. 5. Evaluation of the agreement of the spectral irradiance distribu-
tions described by four diﬀerent APE values. A performance statistic value
of between 1 and 1 signiﬁes agreement within the uncertainty levels of
both measurements.
342 M. Norton et al. / Solar Energy 120 (2015) 337–344irradiance values calculated on NREL and JRC spectra for
each APE value considered using Eq. (3). In this case, Mk1
and Mk2, are the mean integrated irradiance calculated for
each 50 nm band k and U 1 and U 2 are the spectroradiome-
ters’ declared expanded calibration uncertainty for the
NREL and JRC data set, respectively, as presented in
Table 1.
Fig. 5 shows the results of the performance statistic
analysis and conﬁrms a very close agreement between the
two global irradiance datasets. Up to 850 nm the two data-
sets show diﬀerences lying within the ±1 band deﬁned byconsidering the quadratic sum of the relevant declared cal-
ibration expanded uncertainties, as if the two spectrora-
diometers were consistently measuring the same
spectrum. The outlier band after 900–950 nm correspond
to wavelength bands where the irradiance is weak and,
therefore, the acquired signals may be aﬀected by noise
and repeatability issues, increasing the actual measurement
uncertainty to be accounted for when applying Eq. (3) to
these bands. Taking this into consideration, these results
suggest that the most signiﬁcant APE values describe spec-
tral irradiance distributions that are consistent across the
locations, times and climates involved in this study.
The broader implication of this ﬁnding is that the APE
can be used to qualitatively compare spectral resources
across diﬀerent geographical locations. If further analyses
using other data sources conﬁrm this ﬁnding for more loca-
tions, this raises the possibility of deﬁning a standard rela-
tive irradiance distribution for a given APE value. This
could then provide measurement laboratories a means by
which they can validate the performance of outdoor spec-
troradiometer systems measuring natural sunlight. A per-
formance statistic analysis as described in this paper
could be used to compare the measured irradiance distribu-
tion against the published distribution whilst accounting
for the measurement uncertainties and standard deviations
of the data. A performance statistic value exceeding 1 in
any of the irradiance bands could then be used to ﬂag mea-
surements that fall outside of reasonable boundaries, and
thereby be used as a form of quality control.
In the same vein, it is also worth noting that in both
datasets the contribution to the total broadband irradiance
of the integrated irradiance in the 650–700 nm band tends
to remain constant; irradiance intensities in this part of
the spectrum are eﬀectively directly proportional to the
total irradiance intensity over the 400–1050 nm range.
Since this could arise out of coincidence due to the partic-
ular method used to analyse these datasets, it would be
interesting if further study of other datasets revealed this
to be consistent across diﬀerent locations. In that case, this
M. Norton et al. / Solar Energy 120 (2015) 337–344 343could potentially be used as a check of spectrometer linear-
ity with intensity.
World maps of the inﬂuence of spectral irradiance
resource on photovoltaic devices have been prepared for
use in photovoltaic performance analyses, but these are
often based on the spectral sensitivities of particular tech-
nologies (Amillo et al., 2015). In this respect, it would be
useful to classify solar spectral irradiance resources over
wide geographical areas to provide a qualitative under-
standing of how ‘red’ or ‘blue’-shifted the local annual
resource is compared to the standard AM1.5 spectrum in
order to provide useful information to the widest possible
audience. In showing that the APE deﬁnes spectral irradi-
ance distributions of sunlight consistently across diﬀerent
locations and climates, the results of this work also support
the use of APE as a metric that can be used for the assess-
ment of solar spectral irradiance resources over wide geo-
graphical areas.
5. Conclusions and further work
The results presented in this paper have conﬁrmed the
ﬁndings of previous studies showing that APE values at a
given location correspond to speciﬁc spectral irradiance
distributions with low standard deviations. In the two data-
sets analysed, the mean standard deviations of the spectral
irradiance distributions were within 1%. This is within the
typical measurement uncertainties of the equipment used to
perform spectrally-resolved solar irradiance measurements.
This study has expanded on previous evaluations by
showing that there is a close match between spectral irradi-
ance distributions corresponding to the same APE values
measured at diﬀerent sites. This strong agreement across
all the signiﬁcant APE values suggests that the APE oﬀers
a location- and climate-independent means by which solar
spectral resources can be qualitatively classiﬁed over wide
geographic areas.
At this stage, collection and analysis of data from more
sites is needed to conﬁrm these ﬁndings, as the use of just
two measurement sites is not suﬃcient to draw ﬁrm conclu-
sions. Nonetheless, this proposed investigation is war-
ranted by the close match of spectral irradiance
distributions, independent of measurement time and loca-
tion, when classiﬁed by APE. Further conﬁrmation could
then potentially result in the development of a convenient
means by which institutes collecting spectral irradiance
data can perform a basic validation of their measurements
as part of a quality control regime.
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